ABSTRACT A visual examination of the images from the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) has revealed 322 partial and closed rings that we propose represent partially or fully enclosed three-dimensional bubbles. We argue that the bubbles are primarily formed by hot young stars in massive star formation regions. We have found an average of about 1.5 bubbles per square degree. About 25% of the bubbles coincide with known radio H ii regions, and about 13% enclose known star clusters. It appears that B4-B9 stars (too cool to produce detectable radio H ii regions) probably produce about three-quarters of the bubbles in our sample, and the remainder are produced by young O-B3 stars that produce detectable radio H ii regions. Some of the bubbles may be the outer edges of H ii regions where PAH spectral features are excited and may not be dynamically formed by stellar winds. Only three of the bubbles are identified as known SNRs. No bubbles coincide with known planetary nebulae or W-R stars in the GLIMPSE survey area. The bubbles are small. The distribution of angular diameters peaks between 1 0 and 3 0 with over 98% having angular diameters less than 10 0 and 88% less than 4 0 . Almost 90% have shell thicknesses between 0.2 and 0.4 of their outer radii. Bubble shell thickness increases approximately linearly with shell radius. The eccentricities are rather large, peaking between 0.6 and 0.7; about 65% have eccentricities between 0.55 and 0.85.
INTRODUCTION
The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; Benjamin et al. 2003 ) provides a new, high spatial resolution view of the inner two-thirds of the Galactic plane at infrared wavelengths from 3.6 to 8.0 m. A visual inspection of the GLIMPSE images reveals a large number of full or partial ring structures. We postulate that the rings are projections of three-dimensional shells and henceforth refer to them as bubbles. The prevalence of bubbles at mid-infrared wavelengths is not unexpected. They were a common feature in the Midcourse Space Experiment (MSX; Price et al. 2001; Cohen & Green 2001) . Large bubbles (greater than 10 0 in diameter) have also been identified in the H i Southern Galactic Plane Survey (McClure-Griffiths et al. 2002) and with the Wisconsin H Mapper (WHAM; Haffner et al. 2003) . The new GLIMPSE images provide $10 times higher spatial resolution and $100 times better sensitivity than MSX, permitting detection of smaller and fainter bubbles than MSX or any other Galactic plane survey to date.
Bubbles are important morphological features in the interstellar medium (ISM). The study of bubbles gives information about the stellar winds that produce them and the structure and physical properties of the ambient ISM into which they are expanding. Additional physical insights include the hydrodynamics of gas and dust in expanding bubbles, the impact of expanding bubbles on magnetic fields in the diffuse ISM, and mass-loss rates during the evolution of stars. Dynamically formed bubbles that are bright at mid-infrared wavelengths but not coincident with supernova remnants (SNRs) or planetary nebulae require a star or cluster with enough UV emission to excite the polycyclic aromatic hydrocarbon (PAH ) features in the IRAC 5.8 and 8.0 m bands and a strong enough wind to evacuate a dust-free cavity. Some bubbles exhibit morphologies suggestive of triggered or stimulated star formation. Star formation could be triggered by the expansion of a bubble when the leading shock front overruns and compresses a preexisting molecular cloud core, resulting in gravitational collapse of the core. Bubbles that exhibit this star formation mechanism provide a crucial path for further understanding how triggered star formation works.
We have identified candidate bubbles in the GLIMPSE survey and have measured their general morphological properties. We investigate the frequency distributions of morphological properties and their variations with position in the Galaxy. These statistical data will provide a basis for understanding the physics of bubble formation and the interactions of young stars with their environments. We divide the GLIMPSE survey area by longitude into northern (l ¼ 10 À65 ) and southern (l ¼ 295 À350 ) regions to facilitate comparison of possible morphological, positional, and size differences. Previous radio continuum, H i, and CO surveys (see following sections) have shown some puzzling systematic differences between the northern and southern plane. We show in the following that some of the same asymmetries are also found in the distribution of infrared bubbles. In x 2 we describe the data and the techniques used to determine morphological properties. In x 3 we report the apparent distribution of bubbles in the inner Galaxy and bubble morphological properties, and we identify different types of known objects that produce the bubbles. We present distances and physical sizes of those bubbles that have associated H ii regions in x 4. We explore a possible link between multiple bubble complexes and triggered star formation in x 5. Finally, our results and conclusions are summarized in x 6.
THE DATA
High-resolution (1B2 pixels) image mosaics (l ; b ¼ 3
; 2 ) were used to search for bubbles over the entire GLIMPSE survey area. The mosaics were created by the GLIMPSE pipeline after image artifacts such as cosmic rays, stray light, column pulldown, and banding were removed. 11 The SSC Mopex package was used to remove cosmic rays, and the IPAC Montage package was used to mosaic the images. The angular resolutions of the Infrared Array Camera (IRAC; Fazio et al. 2004 ) on the Spitzer Space Telescope (Werner et al. 2004 ) range from $1B5 at 3.6 m to $1B9 at 8.0 m. IRAC bands 2 (4.5 m: blue), 3 (5.8 m: green), and 4 (8.0 m: red ) were viewed in false colors using the display program ds9 12 with color ratios adjusted such that the bubbles stood out above the general background emission. These images were then visually searched for partial and complete ring structures. Because specification of morphology is subjective and prone to individual biases, we have provided an online four-color (3.6 m: blue; 4.5 m: green; 5.8 m: orange; 8.0 m: red ) image archive 13 that contains images of each bubble in our catalog. We recommend referring to this archive for bubbles of specific interest.
The ''elliptical annulus'' feature in ds9 was used to estimate the approximate center position and the semimajor and semiminor axes of the inner and outer ellipses.
Bubble Selection Effects
The catalog of bubbles given here is incomplete due to several selection effects that conspire to underestimate the true number of bubbles in the GLIMPSE survey area. (1) Nearby bubbles are favored because distant ones are masked by foreground emission in the Galactic plane. This implies that bubbles at the near kinematic distance are more likely to be detected than those at the far kinematic distance. (2) Faint bubbles are masked by bright background emission. (3) The ring morphology of small, bright bubbles is often not apparent because bright diffuse emission fills in the bubble cavities, making it difficult or impossible to recognize the ring morphology. (4) Bubbles that subtend very small and very large solid angles are easily missed in visual inspections.
Because we do not know the actual number of bubbles in the GLIMPSE survey area, it is impossible to quantify the completeness of the bubble catalog given here; however, it could easily be on the order of 50% or even less. Neither can we give a meaningful brightness limit at which the catalog can be declared complete since this depends strongly on both the spatial structure and brightness of the diffuse background emission.
Observer-dependent Selection and Measurement Biases
The bubbles in our sample were visually selected by one of the authors. However, four of the authors independently examined five 3
; 2 mosaic images selected to span the range of longitudes from the innermost to outermost limits of the GLIMPSE survey; this included regions of high, low, and intermediate spatially variable background. The bubbles identified in these five common regions by each individual were used to estimate selection biases and the dispersion of geometrical parameters measured by multiple examiners.
In the five common regions, 21 bubbles were identified by all four examiners. This represents 40% of the bubbles found in these five 3
; 2 mosaic images. Clear selection biases set apart the four examiners. One focused more on small bubbles, one selected more large bubbles, and the other two were generally between the two extremes. The median values of the distributions of geometrical parameters (diameter, thickness, eccentricity, and thickness/ radius) measured by each examiner for the 21 bubbles identified by all four examiners are given in Table 1 . The values for geometrical parameters given in the bubble catalog (Tables 2 and 3) are those measured by examiner 1, who examined the entire survey. The measurements of examiner 1 were found to lie near the average of the four examiners.
Identifying bubbles and measuring their parameters is an inherently subjective process. Table 1 shows that the dispersion of geometrical parameters for the 21 bubbles measured by all four examiners ranges from $10% for the bubble diameters to $35% for the thicknesses and eccentricities. This suggests that the geometrical parameters given in the catalog are likely to be reliable at about these levels. One exception is the case of orientations of the bubble major axes. Biases introduced by the procedure of fitting elliptical annuli to images in ds9 make orientation measurements unreliable; hence, values for bubble orientations are not included in Tables 2 and 3. In Figures 1a and 1b we show two bubble images that have been fitted by all four examiners. The elliptical annuli drawn in green are the fits by examiner 1, whose values are listed in Tables 2  and 3 , while the white, cyan, and yellow lines and arrowheads indicate the major and minor axes of the elliptical annuli fitted by the other three examiners. Figure 1a shows a bubble where all four examiners agree rather well on the size and thickness of the bubble. There is some disagreement on orientation because the bubble is roughly circular. Figure 1b shows a bubble where the dispersion in bubble size and thickness is a bit larger than the typical dispersion between the four examiners, but not as large as the most extreme dispersions. All four examiners found about the same orientation, but the bright emission sources in the left half of the image made it difficult to judge the full extent of the bubble. Figure 1b provides an example of the difficulties associated with measuring bubble geometrical parameters. Every bubble in the catalog has been independently examined and verified by three of the authors. We believe that this screening process has provided a nearly 100% reliable catalog of bubbles. We caution, however, that identification of three-dimensional morphological features from two-dimensional images is subjective and prone to individual biases.
The Catalog
The detected bubbles and their measured parameters are listed in Tables 2 and 3 for the northern and southern regions, respectively. The catalog entries are in order of increasing angular distance from the Galactic center. The columns in Tables 2 and 3 are as follows: (1) the catalog number (preceded by N in Table 2 , by S in Table 3 ; the S prefix does not refer to a Sharpless catalog number); (2) and (3) the center position in Galactic longitude and latitude, respectively; (4) and (5) the semimajor (R in ) and semiminor (r in ) axes of the inner ellipse, respectively; (6) and (7) the semimajor (R out ) and semiminor (r out ) axes of the outer ellipse, respectively; (8) the eccentricity of the ellipses (the centers and eccentricities of the inner and outer ellipses were constrained to be the same); (9) the average radius hRi of the bubble; (10) the average thickness hT i of the shell; and (11) abbreviated comments on morphological properties (see the footnote to Table 2 for a full description of the morphology flags). We estimate the average radius of each bubble as the average of the geometric mean radii of the inner and outer ellipses using
The average projected thickness is the difference between the geometric mean radii of the outer and inner ellipses and is calculated using
In Figures 2a-2h we show examples of bubbles that illustrate the morphological flags referred to in column (11) of Tables 2  and 3 . We refer to individual bubbles by catalog number. All of the bubbles in these figures except S21 are located toward known H ii regions, and all except S21 and S97+S98 probably contain star clusters previously detected in the near-to mid-IR (see x 3.1). In Figure 2a , S133 is a good representative of a bubble with smaller bubbles (S132, S134, and S135) within and on the rim of a larger bubble (multiple bubbles [MB] ). In Figure 2b , RCW 79 (S145) is an example of a broken bubble (B) with a secondary small bubble (S144) on its rim (MB). A compact star cluster is also located within the large bubble (CC). In Figure 2c , S44 is an example of a complete (C) bubble. In Figure 2d , S21 is an example of a complete (C) bubble with a bright central star (CS) that may be responsible for producing the bubble. In Figure 2e , S156 has a central star cluster (CC) within the bubble. The bubble exhibits a predominantly filamentary structure. In Figure 2f , S97+ S98 together form a double or bipolar bubble (BP) with a cluster of stars (CC) along the line of contact between the two bubble lobes. In Figure 2g , S109, S110, and S111 form an example of a triple or tripolar bubble (TP). Finally, S100, in Figure 2h , is a good example of an irregular bubble exhibiting flocculent (Fl) structure.
We caution that perceived morphological properties are observer and wavelength dependent. We have attempted to fit a wide range of bubble morphologies using elliptical annuli. In some cases an elliptical annulus is not a good representation of the morphology. The morphological designations given in column (11) of Tables 2 and 3 are abbreviated descriptions of complicated structures. We strongly recommend that the online image archive (see footnote 13) be examined for particular bubbles of interest.
RESULTS AND DISCUSSION
In the following, we use the measured parameters tabulated in Tables 2 and 3 to investigate statistical properties of the bubbles in the inner Galaxy. In particular, we examine what types of objects produce the observed bubbles, the distribution of the bubbles in longitude and latitude, and the distributions of bubble size, thickness, and eccentricity. The motivations for this are to show the frequency and range of bubble properties in the GLIMPSE sample and to provide constraints needed to model the process of bubble formation.
Wavelength Dependence
The bubbles found in GLIMPSE are generally detectable in all four IRAC bands but tend to be brighter at longer wavelengths. Most bubbles are larger and brighter at 8.0 m than the shorter wavelength IRAC bands. In Figure 3 we show color images of bubbles (a) N107 and (b) N100-N113, in the 4.5 m (blue) and 8.0 m (green) bands from GLIMPSE and the 24 m (red) band from the MIPSGAL (S. Carey, PI) survey. In this image, the 24 m emission dominates inside of the bubbles and often, but not always, seems to be confined to regions close to hot or bright Table 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal. a The abbreviations in col. (11) are defined as follows: C is a complete or closed ring. B is a broken or incomplete ring. CC stands for a probable enclosed central star cluster, meaning that the stellar density inside the ring appears to be greater than the average stellar density outside the ring and /or the bubble contains a cluster from a known catalog. MB stands for multiple bubbles, indicating a relatively large bubble having smaller secondary bubbles inside it or on its periphery. Subsidiary multiple bubbles are labeled m(catalog number) according to the multiple bubble they appear to be associated with. BP indicates a bipolar bubble or a double bubble whose lobes are in contact. TP indicates triple bubbles that appear to originate close to the same location. CS indicates that the central star(s) responsible for driving the bubble is/are probably apparent. Fl indicates a flocculent or clumpy bubble structure. The three bubbles that are identified as known supernova remnants are given the SNR flag. stars, whereas the 8.0 m emission is faint or absent inside the bubbles, is bright along the shell that defines the bubbles, and generally extends well beyond the bubble shell boundary. We have examined numerous images constructed using this combination of wavelengths and find that Figure 3 is representative of the distribution of emission with wavelength in the bubbles so far examined.
To explain the observed difference in distribution of the 8 and 24 m emission, we postulate that the 24 m band is probably dominated by hot thermal dust emission plus perhaps a small contribution from small grains that are transiently heated due to their proximity to one or more hot stars. The 8 m band is probably dominated by the 7.7 and 8.6 m features often attributed to PAHs. The 24 m emission near the hot central star(s) is probably due to silicate grains since small PAHs do not seem to survive in these environments (see below). According to Li & Draine (2001) , no more than $10% of interstellar Si can be contained in very small silicate grains, implying an approximately corresponding fraction of their contribution at 24 m.
Within some of the bubbles, the 24 m emission seems to peak around a point near the center of the bubble, presumably the central star or cluster responsible for producing the bubble. This morphology is not expected if the 24 m-emitting grains are located in an optically thin shell along the inner boundary of the 8 m bubble. This raises two important issues: (1) how the dust is able to survive the intense radiation field produced by the central star or cluster, and (2) why the dust has not been evacuated by the wind(s) of the central star(s). It is difficult to imagine that the bubbles are static. The strong winds of the central O and B stars, along with overpressure from ionization and high temperature, should cause the dust shells to expand.
The shell thickness of dynamically blown bubbles may have a wide range of values depending on the type of central star, its age, and the density of the ambient ISM. The Weaver et al. (1977, hereafter W77) theory predicts that the ratio of shell thickness to radius increases with both age and ambient interstellar density. At a given age, this ratio increases as the stellar wind luminosity decreases. For example, at an age of 10 6 yr and an ambient ISM of density 1 cm À3 , the W77 theory predicts a thickness-to-radius ratio for an O7 V star of $0.07, but for a B3 V star it is $0.29. At an age of 10 7 yr, these ratios increase to $0.22 and $0.33, respectively. The W77 theory suggests that it may not be easy to distinguish between possible static versus expanding bubbles by shell thickness alone. Some images suggest that the 24 m emission is mostly located in a thick shell along the inner boundary of the 8 m shell (Fig. 3a) , but not all. To determine if those bubbles whose 24 m emission peaks at the center are static (not expanding) will require high spatial and velocity resolution line images, preferably of both the ionized and molecular gas associated with the bubbles. The fact that 8 m emission appears to be essentially absent in the central regions of the bubbles (the front and back sides of the shell that defines the bubble contribute some emission) implies that PAHs are either easily destroyed in the hard radiation field of the central star(s) or blown out of the central regions by stellar winds. Also, the images clearly show that the 8 m emission extends well beyond the obvious dust shell into the photodissociation regions ( PDRs) of the bubbles ( Hollenbach & Tielens 1997 and references therein) . This strongly supports the notion that PAHs are destroyed in the vicinity of hot stars and instead trace the PDR regions in the neighborhood of hot stars or clusters.
Bubble Distribution with Galactic Longitude
Tables 2 and 3 contain a total of 322 partial or complete rings ( bubbles) found in the GLIMPSE survey. This represents an average of about 1.5 bubbles per square degree in the survey area. This is a lower limit due to the selection biases discussed in x 2.1; the true density could be substantially higher. The distribution of the number of bubbles in 2N5 bins with angular distance (Ál ) from the Galactic center is shown in Figure 4 . The distribution shows no significant dependence on angular distance from the Galactic center in either the north or the south. One might naively expect the surface density of bubbles to decrease with increasing angular distance from the Galactic center because of the decreasing line of sight through the Galaxy. However, there are two selection effects that work against this: (1) more distant bubbles are veiled by foreground diffuse emission, basically limiting the number of bubbles to those at the near kinematic distance or P8 kpc (see Table 4 ); and (2) an increasingly brighter and spatially variable background makes bubble detection increasingly difficult closer to the Galactic center. In the inner Galaxy, the ( N4) where all four examiners agree on the extent, thickness, and eccentricity. There was disagreement on the orientation of the major axis, but this was because the bubble is almost circular. (b) Illustration of a bubble (S175) where the examiners had substantial disagreements on the size, thickness, and eccentricity. The disagreement was caused mainly by the bright emission to the left of the bubble. In both panels, the annular ellipses fitted by examiner 1 are shown in green. The white, cyan, and yellow arrows show the extent of the major and minor axes of the inner and outer ellipses as measured independently by the other three examiners. The horizontal scale bars represent 2 0 . difference between near and far kinematic distances is quite large, making detection of bubbles at the far distance quite unlikely. Thus, the number and surface density of bubbles are surely underestimated, especially for Ál P 30 from the Galactic center. The southern half of the plane contains 59% of the bubbles. The asymmetry in the number of bubbles in the northern versus the southern halves of the plane appears to be real and probably reflects the fact that massive star formation regions are more numerous in the south. The asymmetry in the number of massive star formation regions was established more than 30 years ago by radio continuum and radio recombination line surveys (see references in Paladini et al. 2004) .
Asymmetries between the northern and southern plane in the distribution of molecular clouds ( Dame et al. 1987 and others) and H i ( Burton 1985; Kerr et al. 1986 ) have been known for at least 20 years. Mercer et al. (2005) also found more than twice as many clusters in the southern half of the plane than in the northern half. Together, these results lend strong support to our hypothesis that the bubbles in our sample are produced by young O and B stars that are known to form in reservoirs of CO/H i cloud complexes. If the bubbles are primarily produced by young OB stars, then the bubble distribution in the inner Galaxy predicts at least 1.5 massive star formation regions per square degree within a distance of P8 kpc.
Bubble Distribution with Galactic Latitude
The distribution of bubbles with latitude (all observed bubbles within a given latitude bin have been summed over all observed longitudes) is plotted in Figure 5 . The distributions of those in the southern and northern segments of the plane are also shown in Figure 5 . All three curves show that the bubbles are concentrated toward the midplane, but the peak is located at b ¼ À0N08 AE 0N03 for all bubbles, b ¼ À0N14 AE 0N04 for the southern plane, and b ¼ À0N02 AE 0N04 for the northern plane, where the errors are 1 calculated from the quality of Gaussian fits to the data.
We find angular scale heights of 0N63 AE 0N03, 0N67 AE 0N04, and 0N61 AE 0N05 for all bubbles, southern plane bubbles, and northern plane bubbles, respectively. This is equivalent to a scale height of 44 pc at a distance of 4 kpc. For comparison, Becker et al. (1990) found a scale height of 25 pc for small (angular diameters between 3 00 and 20 00 ) radio sources at longitudes within 50 of the Galactic center. They argued that the sources are compact or ultracompact H ii regions ionized by extreme Population I stars. Wood & Churchwell (1989) found a scale height of 0N60 AE 0N05 for a sample of 1717 far-infrared color-selected H ii region candidates from the Infrared Astronomical Satellite (IRAS ) catalog distributed over the entire range of Galactic longitudes and latitudes. Gilmore & Zeilik (2000) give a scale height of 60 pc for extreme Population I stars in the inner Galaxy. Because the bubble angular scale height is similar to that of H ii regions and substantially less than that of planetary nebulae ($500 pc; Becker et al. 1990 ) and SNRs ($130 pc; Becker et al. 1990) , it strongly supports the identification of the bubbles in GLIMPSE with H ii regions and a young OB star population. The offset of the bubble distribution below the midplane may be a transient configuration of the early star population in the inner Galaxy. The location of the midplane, as determined by the distribution of all stars in the GLIMPSE catalog, does not shift from the canonical definition by more than 0N05 ( Benjamin et al. 2005) , but the latitude distribution of OB stars could be different from that of all stars in the GLIMPSE catalog, $90% of which are K giants. In fact, Figure 4a of Becker et al. (1990) shows that the positions of compact radio sources with angular diameters >3 00 in the longitude range À20 to +40 are skewed to negative latitudes. Also, the H ii region candidates in Figure 12a of Helfand et al. (1992) are skewed to negative latitudes. Wood & Churchwell (1989) found that their sample was centered at b ¼ 0 , but this sample includes the entire plane. We conclude that the OB stars in the inner Galaxy are, on average, offset by $0N1 below the midplane. The mean CO distribution is also known to be offset below the midplane (Cohen & Thaddeus 1977; Clemens et al. 1988 ). Mercer et al. (2005) also found $40% fewer clusters above the midplane than below it.
None of the bubble parameters (size, thickness, eccentricity, or orientation of the major axis) show any significant dependence on latitude. Since the scale height of CO in the inner Galaxy is only 60-75 pc (Cohen & Thaddeus 1977; Dame & Thaddeus 1985) , one might expect a possible correlation of both bubble size a When a bubble lies at the tangent point, no far kinematic distance is given, and the near kinematic distance is the tangent point distance.
b Distance determined from three H ii regions found within the bubble. c Distance determined from two H ii regions found within the bubble. and orientation of the break in incomplete bubbles with distance from the Galactic plane. The fact that we find no significant increase in average bubble size with increasing latitude suggests that the average gradient of ambient interstellar pressure within 1 of the Galactic plane is less important than the variation of local pressure in the natal cloud into which the bubbles are expanding. We also examined the orientation of breaks (blowouts) in incomplete bubbles and found no significant tendency for the breaks to be oriented away from the Galactic plane. We conclude that bubble size, orientation of breaks in bubbles, and orientation of the major axes of bubbles are functions of stellar wind luminosities and orientations and the local distribution of interstellar matter rather than the average large-scale gradient of the ISM away from the Galactic plane.
Bubble Size Distribution
The distribution of average bubble angular diameters in our sample is shown in Figure 6 . The distribution peaks between 1 0 and 3 0 and falls off sharply at greater and smaller angular diameters. Within the statistical uncertainties, the distribution is the same in the northern and southern segments of the Galactic plane. This is true of all of the distributions discussed below unless otherwise noted.
There are observational biases against bubbles smaller than about 1 0 and larger than about 25 0 . Bubbles smaller than about 30 00 are prone to be missed because they have to be substantially brighter than the background to be identified as bubbles. Since the background levels generally increase with decreasing angular distance from the Galactic center, the contrast between bubbles and the background systematically decreases, making detection increasingly difficult in the inner Galaxy. Also, one must zoom in and change the color stretch to identify a small bright patch as a bubble; this inevitable extra image manipulation means that many small bubbles have probably been missed. This is also probably why no planetary nebulae are included in the sample: the planetary nebulae identified in the GLIMPSE survey have small angular sizes and are generally quite faint. Bubbles larger than about 25 0 generally have low surface brightness and can also easily be camouflaged by the Galactic background. We are not aware of other biases that might distort the observed size distribution and believe that in the range from $1 0 to $25 0 the observed distribution is likely to be representative of the actual angular size distribution. In this size range, about 98% of the bubbles in our sample have angular diameters <10 0 and 88% have angular diameters 4 0 .
Average bubble angular diameters (2hRi) as a function of Galactic longitude are plotted in Figure 7 for both the northern and southern halves of the Galactic plane. Figure 7 shows that the range of bubble angular diameters is larger in the northern than in the southern plane. In fact, even though there are fewer bubbles in the northern than in the southern plane, bubbles occupy a larger angular area in the northern than in the southern plane. Figure 8 shows the average angular diameters of all bubbles as a function of angular distance from the Galactic center (the northern and southern bubbles at the same absolute angular distance from the center are counted together). This figure shows that most bubbles have angular diameters 5 0 at all longitudes. The median and average angular diameters are roughly constant with angular distance from the Galactic center. The upper envelope of bubble angular diameters appears to systematically increase with distance from the Galactic center; however, this trend depends on a small number of objects in the northern plane only, so it is probably not statistically significant. The few largest bubbles are without exception faint and primarily found at large angular distances from the Galactic center where the background becomes faint enough for these bubbles to be detected above the background. Figures 7 and 8 support the hypothesis that the bubbles lie within $8 kpc and are therefore insensitive to longitude distribution effects.
The physical size of bubbles depends on several parameters: luminosity of the central illuminating star or cluster, the strength of the stellar wind(s) of the central star(s), the density of the ambient ISM, the relative motions of the ambient ISM and the illuminating star(s), the orientation and strength of the magnetic field in the ambient ISM, and the age of the illuminating star(s). Properties of spherical stellar wind-blown bubbles have been investigated by Hollenbach et al. (1976) , W77, and others.
Projected Bubble Thicknesses
The distribution of average projected bubble thickness, as defined by equation (2), is plotted in Figure 9 . The thickness of 87% of the sample is less than 1 0 , and 97.5% have thicknesses less than 2 0 . The average distribution of thickness relative to average bubble radius (hT i/hR out i) is shown in Figure 10 . We see that the ratio ranges from $0.1 to $0.65, but with nearly 89% of the sample having thicknesses between 0.2 and 0.4 of their outer radii. Many of the bubble shells exhibit a filamentary structure suggesting a low dust filling factor. The physical thickness of a bubble is strongly dependent on the density of the ambient ISM into which the bubble is expanding, the stellar wind luminosity, and the age of the star or cluster ( W77). The observed angular thickness will depend on the distribution of optical depth through the shell and the abundance of PAHs. We plot shell thickness versus mean radius in angular units for all sources in Tables 2 and 3 in Figure 11a , and in Figure 11b the sources in Table 4 are plotted using absolute units assuming near or tangent point kinematic distances. Both plots show that bubble thickness increases linearly with bubble size. This is approximately in agreement with the W77 bubble evolution models shown in Figure 12 . The predicted thickness versus radius for a B3 V star for ambient ISM densities ranging from 0.1 to 10 4 cm À3 and the same quantities for an O7 V star are plotted in Figures 12a and  12b , respectively. The luminosities are from Vacca et al. (1996) and Cox (2000) for the O7 V and B3 V star, respectively. The mass-loss rates were estimated using equation (11) of Abbot et al. (1981) . The W77 models predict that radius increases faster than thickness in the earliest phases of evolution (small radii). This is not obvious in the observed behavior shown in Figure 11 . Our sample may include too few very young bubbles in our sample to exhibit this effect. It is also possible that the models require modification. The models assume a uniform ambient ISM density and homogeneous shells, neither of which is true. The GLIMPSE images show quite clearly that the dust shells are filamentary and the ISM is far from uniform. From this perspective, it is perhaps surprising that observations and theory appear to agree reasonably well.
In Figure 11a there are 12 bubbles with mean radii greater than 6A5, and of these only 2 are in the southern plane, another illustration that most of the largest bubbles are in the northern plane.
Bubble Eccentricities and Breaks
The distribution of bubble eccentricities is shown in Figure 13 . This histogram shows a slow rise in eccentricity from near circular to a peak at $0.65 with a sharp drop-off at eccentricities greater than 0.85 and less than 0.55. Eccentricity was calculated as
where R is the semimajor axis and r is the semiminor axis of either the inner or outer ellipse ( both the inner and outer ellipses are constrained to have the same eccentricity). The bubbles in the GLIMPSE sample are quite eccentric. Incomplete or ''broken'' bubbles, designated ''B'' in column (11) of Tables 2 and 3, represent 38% of the total sample. These are bubbles that probably have met little or no resistance by the ambient ISM in a given direction, although it is also possible that PAH destruction extends further or that UV radiation is attenuated in the direction of a ''break.'' There is no apparent difference between complete and broken bubbles in the distributions discussed above. Broken bubbles, along with the high eccentricities of the bubbles, probably imply that the ISM in the Galactic plane is far from uniform and that the stellar winds and radiation driving the bubbles are anisotropic.
Associations of Bubbles with Known Objects
There are several classes of objects that could produce the bubbles in the GLIMPSE sample. Among these are supernovae, OB stars, Wolf-Rayet (W-R) stars, planetary nebulae, and open clusters. In this section we examine spatial coincidences of these objects with the bubbles in Tables 2 and 3 to determine what types of objects are primarily responsible for producing the observed bubbles.
The bubbles in the GLIMPSE sample are particularly bright in IRAC bands that contain PAH spectral features (3.3 m in band 1, 6.2 m in band 3, and 7.7 and 8.6 m in band 4). Since PAHs are strongly excited in the neighborhood of young OB stars (Churchwell et al. 2004 and references therein) , it is likely that many of the bubbles identified in the GLIMPSE survey will have counterparts with radio-identified H ii regions (Cohen & Green 2001) and/or star clusters.
H ii regions.-We compared the Paladini et al. (2003) master catalog of radio-detected Galactic H ii regions with our bubble catalog. Positions accurate to within a few arcseconds were generously provided by R. Paladini (2006, private communication) . Out of 188 bubbles in the southern half of the survey, 39 contain the central position of an H ii region within their angular radius. Bubbles occupy a combined area of 0.83 deg 2 or 0.7% of the southern plane survey area. Thus, out of the 313 radio H ii regions in the Paladini catalog that lie within the southern GLIMPSE survey area, we should find only 2 that are aligned by chance with bubbles. Out of 134 bubbles in the northern plane, we found 44 bubbles that contain the central position of an H ii region within their radius. Bubbles occupy a total area of 1.29 deg 2 or 1.1% of the northern survey area, implying that out of the 391 H ii regions that lie in the northern plane survey area in the Paladini catalog, only 4 chance alignments are expected. Out of the total sample of 322 bubbles in the entire survey area, 83 ( just over 25%) have H ii region central positions lying within the radius of a bubble. This represents a significant correlation between bubbles and Galactic H ii regions.
Clusters.-We checked for coincidences (cluster centers lying within the radius of a bubble) with several lists of known optical, near-IR, and mid-IR star clusters. In the Mercer et al. (2005) catalog of 92 new clusters discovered using the GLIMPSE survey data, 3 clusters out of 25 are coincident with bubbles in the north and 17 out of 67 are coincident in the south. We also found 15 clusters out of 83 listed in the Dutra et al. (2003) near-IR catalog of southern clusters detected in the Two Micron All Sky Fig. 11 .-Observed average shell thickness hT i is linearly correlated with average radius hRi for (a) all bubbles in our sample (angular units) and (b) the subset of bubbles for which we have kinematic distance estimates from H ii regions (absolute units, calculated assuming near or tangent point distances). Diamonds and circles denote bubbles in the northern and southern halves, respectively, of the GLIMPSE survey area. Tables 2 and 3. 15 Based on occupied areas, we expect to find less than two chance overlaps of a cluster with a bubble in the entire survey. The fact that 13% of the bubbles in our sample are coincident with open clusters demonstrates a significant correlation between bubbles and open clusters.
SNRs.-Although SNRs have been detected in the GLIMPSE survey, they tend to be faint and have a wide range of mid-infrared colors. Of the 95 known SNRs within the GLIMPSE survey area, only 18 were identified by Reach et al. (2006) in the GLIMPSE survey. We also compared our bubble catalog with Green's 2004 catalog 16 of SNRs and found only three radio SNRs whose center positions lie within the radius of a bubble. These are W44 (N63), W49B (N88), and G311.53-0.3 (S131). The angular sizes of these three SNRs are very similar to those of the bubbles with which their centers coincide. All three show strong emission in IRAC band 2 relative to the other IRAC bands, and this emission has distinctive filamentary structure. We therefore conclude that only these three SNRs correspond to bubbles in our sample.
Planetary nebulae.-We also tried to identify known planetary nebulae in the GLIMPSE survey with the bubbles in Tables  2 and 3 . None of the planetary nebulae listed in the Kerber et al. (2003) catalog that have counterparts in the GLIMPSE survey are identified with any of the bubbles in Tables 2 and 3 Figure 14 shows, 25% of the bubbles overlap with known H ii regions and 13% overlap with cataloged star clusters. These are not disjoint sets: the majority of bubbles enclosing star clusters also contain H ii regions, representing nearly 10% of the total sample of bubbles.
Many of the small bubbles may be associated either with solitary B4-B9 stars that are too cool to produce a detectable radio H ii region but have strong enough winds to produce detectable dust shells or with compact clusters composed of low-mass stars whose combined stellar winds or bipolar outflows are strong enough to produce a detectable dust shell. In either case, the star or cluster must also create enough UV flux to excite PAH emission. About three-quarters of the members of our sample are probably produced by B4-B9 stars and about one-quarter are produced by O-B3 stars. This is reasonably consistent with the numbers of O-B3 relative to B4-B9 stars (Cox 2000) .
For unresolved H ii regions at the detection limit in IRAC band 2 ($1 mJy), we predict a flux density in the H line of $26.4 mJy ($12.8 mag) for a temperature of 10 4 K and density 10 2 -10 6 cm
À3
. Thus, it should be possible to detect bubbles that lie at the detection limit of IRAC band 2 or brighter with optical observations of the H line, if the extinction A(H) 3 mag or A V 4 mag. Not all of the bubbles are necessarily dynamically formed by stellar winds: some may simply be the illuminated edges of H ii regions where PAH features are excited by radiation from the H ii region.
BUBBLES WITH KNOWN DISTANCES
Seventy-four of the 83 H ii regions whose centers lie within a bubble have measured radio recombination line radial velocities ( Paladini et al. 2003) . The Galactic rotation model of Brand & Blitz (1993) with a distance of R ¼ 8:5 kpc to the Galactic center and a velocity Â ¼ 220 km s À1 of the Sun around the Galactic center was used to determine kinematic distances to these H ii regions. Table 4 lists the subset of 66 bubbles for which distances are determined from the radial velocities of the overlapping H ii regions. As we have shown, the probability of chance alignments of H ii regions with bubbles is quite small (<1%), so the assumption that the bubbles lie at the same distance as the overlapping H ii regions is a very good one. The near and far distances, with errors based on the assumption that departures from circular orbits are typically $10 km s À1 , are given in columns (2) and (3) and (6) and (7) of Table 4 . Usually bubbles at the far distance would be so far way that only the near distance is a realistic choice, given the bias against very distant bubbles (see xx 2.1 and 3.2). The average radii and thicknesses of the bubbles in parsecs are given in columns (4) and (5) and (8) and (9) for bubbles at the near and far distance, respectively. Of the 63 bubbles, 15 lie at the tangent point, and no far distance is given for them. For the rest of the bubbles, we give both the near and far distances but emphasize that the near distances are most likely the correct ones.
The distribution of near distances in Table 4 peaks at 4.2 kpc with a range of 0.2-8.4 kpc. The average radius corresponding to the near distances is 3.3 pc and ranges from <0.1 to 16.9 pc. The corresponding average shell thickness is 0.8 pc and ranges 14 See http://www.univie.ac.at/webda/. 15 Tables 2 and 3 also contain 15 bubbles with the CC flag that were not found to correlate with known clusters. These designations were based solely on visual interpretation of the GLIMPSE images and hence the inferred clusters have not been included in our statistical analysis. If included, the correlation of bubbles with clusters would be 17%. 16 See http://www.mrao.cam.ac.uk/surveys/snrs/snrs.data.html.
from <0.05 to 3.9 pc. The observed radii and shell thicknesses are in reasonable agreement with the W77 predictions for a bubble of age !10 6 yr expanding into molecular clouds of density !10 3 cm
À3
. The bubbles typically have thicknesses of about 25% of their radius. This is clearly much thicker than a simple shock front. The filamentary structure seen in many of the shells may indicate multiple shocks. There may also be a substantial region of swept-up ISM in front of the expanding shells.
MULTIPLE BUBBLES
Bubbles with MB designations (multiple bubbles) in column (11) of Tables 2 and 3 account for 22 out of 322 bubbles (7%). The morphologies of these bubbles suggest that the expanding bubble surrounding an older star or star cluster has triggered the formation of one or more younger stars around the periphery of the expanding bubble. According to this hypothesis, star formation is triggered at the interface of the expanding bubble and the ambient ISM when preexisting, marginally stable molecular cores are overtaken by the expanding bubble, which provides enough external pressure to initiate collapse of the core. The secondgeneration star(s) form their own smaller bubbles that expand into the ISM, thereby producing the observed MB morphology.
Triggered star formation is an old idea that has been more frequently confronted by observations in recent years (Cohen et al. 2002; Zavagno et al. 2005 and references therein). In order for triggered star formation to be taken seriously, a parent bubble must remain visible long enough for the daughter bubble(s) to form and become visible. We see from Figure 11b and Table 4 that most bubbles with known distances have radii between 1 and 9 pc. According to the W77 prescription, bubbles expand very rapidly when the central star first turns on nuclear burning, but the expansion decelerates rapidly as the bubble sweeps up surrounding material. After $10 6 yr, an O7 V star with a mass-loss rate of 3 ; 10 À6 M yr À1 and a wind terminal velocity of 1500 km s
À1
will produce a bubble of radius P7.9 pc with an ambient ISM density k10 3 cm
À3
, according to W77. A very young O star is likely to be surrounded by a molecular cloud density k10 3 cm À3 (Cesaroni et al. 1991 and others) . A B3 V star is expected to produce a bubble of radius 1.6 pc after 10 6 yr using the W77 prescription. Thus, it is reasonable to assign ages older than 10 6 yr to the potential parent bubbles observed (those with MB designations), the majority of which have radii greater than 3 pc and less than 10 pc (consider, for example, bubbles S133 and S145 in Figs. 2a and 2b and their entries in Table 4 ). The exact age-radius relation depends on the spectral type of the central star(s). The timescale for O star formation is on the order of a few times 10 4 yr based on inferred accretion rates (see Stahler & Palla 2004 and references therein). Thus, it is possible for several episodes of triggered star formation to occur while the parent bubble is still visible. Additional observational support for triggered star formation can be obtained by measuring the relative ages of the stars giving rise to the parent and daughter bubbles in MB complexes by modeling their spectral energy distributions. This is a project in progress. Relative expansion velocities of all of the bubbles in a given MB complex also need to be measured. The fact that only 7% of the bubbles are candidate sites for triggered star formation indicates that this star formation mechanism is not a dominant one. However, it occurs often enough that it merits further study.
SUMMARY
A search by visual inspection of the GLIMPSE survey has revealed 322 full or partial rings that we propose represent complete or partial three-dimensional bubbles. Only three of the bubbles are identified with SNRs, and none with planetary nebulae or W-R stars. Eighty-three bubbles are associated with known H ii regions, and 30 of these also contain cataloged near-or mid-IR stellar clusters. The 25% of bubbles that overlap known H ii regions appear to be produced by stellar winds and radiation pressure from young OB stars in massive star formation regions. Dynamically formed bubbles in our sample that are bright at mid-infrared wavelengths but not coincident with SNRs, planetary nebulae, or radio H ii regions require a star or cluster with enough UV to excite the PAH bands and a strong enough wind to evacuate a dust-free cavity around the star or star cluster. Stars that can do this and not produce detectable H ii regions are B stars later than B3. Three-quarters of the bubbles in our sample do not coincide with known radio H ii regions. We suggest that these are produced by B stars cooler than about B3. Presumably the 11 cataloged clusters lying within bubbles that are not associated with any detected H ii region do not contain any star of type B3 or earlier.
We find that 24 m emission is systematically confined to the central regions of the bubbles where 8 m emission is absent. The 8 m emission is strong in the shells that define the bubbles and often extends outside the bubbles. We postulate that the 24 m emission is produced by thermal emission from hot dust with about a 10% contribution from small grains transiently heated by nearby OB stars ( Li & Draine 2001) , whereas the 8 m emission is dominated by PAH features excited by softer radiation in the shell and beyond, in the PDRs of the bubbles. The observed peaking of 24 m emission at the centers of bubbles is puzzling. How can the dust survive in the near vicinity of OB stars? Why is the dust not evacuated from the central regions by the winds and radiation pressure of the central OB stars? Static bubbles might be consistent with the observations, but this seems inconsistent with all that is known about OB star winds and radiation. These are open questions that must be left for further investigation.
Bubbles are strongly concentrated to the Galactic midplane with an angular scale height of 0N63 AE 0N03. Because the number of detected bubbles drops sharply as a function of distance for D k 4:2 kpc, we can estimate a value of 44 pc corresponding to 0N6 at 4.2 kpc for the physical scale height of bubbles in the Galactic plane. The peak of the latitude distribution is located about 0N08 AE 0N03 below the midplane. Since the distribution of all stars in the GLIMPSE survey is centered at b ¼ 0 (Benjamin et al. 2005) , the distribution of stars that excite bubbles is slightly offset from the rest of the stars in the GLIMPSE catalog, as are radio H ii regions and CO clouds.
The distribution of average bubble angular diameters peaks between 1 0 and 3 0 . Over 98% of the bubbles are smaller than 10 0 , and almost 88% are smaller than 4 0 . The largest bubbles, almost without exception, are rather faint and located at large angular distances from the Galactic center where the background brightness is low. The same bubbles in the inner part of the Galaxy probably would not have been detected.
A large fraction of the bubbles are highly eccentric. About 65% have eccentricities 0:55 e 0:85. The distribution peaks at e % 0:65. Only about 5% have e < 0:2, and only %7% have e > 0:8.
The bubble shells tend to be filamentary with little or no dust between the filaments, indicating that the filling factors of the bubble shells may be quite low. The maximum projected angular thickness of the bubbles is <4 0 . Over 85% of the bubbles have thicknesses less than 1 0 , and over 97% have thicknesses less than 2 0 . About 90% of the bubbles have thicknesses between 0.2 and 0.4 of their outer radii.
Triggered star formation is suggested by the multiple bubble morphology of 7% of our sample.
On average, about 1.5 bubbles are found per square degree in the GLIMPSE survey with little dependence on longitude. The apparent density does not increase noticeably closer to the Galactic center because the detection rate for bubbles in GLIMPSE peaks at a distance of 4.2 kpc within a horizon of 8 kpc. In general, it is difficult to identify very small and very large bubbles against a bright and spatially variable infrared background. Hence, the number of bubbles found in this study is almost certainly an underestimate of the actual number of bubbles in the surveyed area of the Galactic disk. The frequency of 1.5 bubbles per square degree and a scale height of 44 pc at 4.2 kpc together imply that bubbles blown by massive star formation regions (OB associations) occur with a minimum volume density of 200 kpc À3 in the inner Galaxy.
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